Purpose. In this study, we aimed to investigate the genomic characteristics and evolution of pathogenicity islands of an enteropathogenic Escherichia coli (EPEC) strain, and to obtain a transcriptional profile of EPEC under different concentrations of ciprofloxacin using microarray analysis.
INTRODUCTION
The enteropathogenic Escherichia coli (EPEC) pathovar is highly adapted to virulence in the human intestine and is widely implicated in human diseases, particularly in the global incidence of infantile diarrhoea [1] [2] [3] [4] [5] [6] . Generally, pathogenicity in bacteria is greatly dependent on lineage [7] . Recently, whole-genome sequencing studies have been widely used to reveal a highly conserved core of genes common to commensal and pathogenic E. coli strains. This conserved genomic framework includes genomic islands, as well as small clusters of genes acquired by horizontal gene transfer that are often related to virulence [8] . Pathogenic islands (PAI) in the chromosome of EPEC are bacterial genomic islands responsible for the development of disease, and which can be transferred horizontally as units between bacterial species [9] [10] [11] . The locus of enterocyte effacement (LEE) is the core PAI that appears to encode almost all the genes necessary for the development of intestinal attaching/ effacing (A/E) lesions [12] . Indeed, acquisition of the LEE locus can transform non-pathogenic E. coli strains into pathogenic strains [13] . The LEE includes genes that encode for adhesion-denominated intimin (eae), gene regulators, chaperones, effector proteins (e.g. EspB, EspF, EspG, EspH, EspZ, Eap and Tir) and structural type III secretion system (T3SS) proteins involved in translocation of effector proteins into host cells [14] .
Antibiotics, which inhibit bacterial proliferation, can alter the expression of bacterial virulence and drug-resistance genes [15] . Although quinolone-resistant E. coli have emerged and have been widely detected in clinics [16] [17] [18] [19] , whether antibiotics from this class affect the expression of virulence genes in EPEC is still unknown. Ciprofloxacin is a fluoroquinolone antibiotic with ongoing importance in the treatment of E. coli infections. Multiple reports have shown that ciprofloxacin pressure can significantly impact the transcription and expression of multiple bacterial genes [20] [21] [22] . Currently, three major mechanisms are thought to be involved in ciprofloxacin resistance: mutation in quinolone targets (e.g. bacterial DNA topoisomerase IV and DNA gyrase), membrane permeability (especially overexpression of the efflux pump) and qnr-mediated resistance [23] .
In this study, we first sequenced the complete genome of EPEC Deng and then conducted a comparative bioinformatics analysis of the LEE in EPEC Deng relative to sequences from several commensal and pathogenic E. coli strains. Subsequently, we employed a genome-wide microarray approach to obtain a transcriptional profile of ciprofloxacin-treated EPEC and investigated how ciprofloxacin treatment of a resistant strain affected EPEC transcriptional events and antibiotic stress.
METHODS
Bacterial strains and plasmids EPEC Deng, isolated from the stool of a native infant in Shenzhen, China and identified as ciprofloxacin-resistant by antimicrobial susceptibility testing according to Clinical and Laboratory Standards Institute (CLSI) guidelines, was provided by the Microbiological Laboratory of Shenzhen Center for Disease Control and Prevention. Serotype testing with an E. coli diagnostic serum kit (SSI Company, Denmark) identified the strain as belonging to serogroup O119. EPEC strain E2348/69 (GenBank NC_011601, serotype O127 : H6) was used as a sequencing control strain; this strain is used worldwide as a prototype strain to study EPEC biology, genetics and virulence [24] .
The following 12 GenBank-catalogued E. coli strains were chosen for comparative analysis of gene composition and guanine-cytosine (GC) content: 536 (NCBI: NC_008253, uropathogenic Escherichia coli (UPEC) from Germany); 55 989 (NCBI: NC_011748, E. coli from France); APEC_01 (NCBI: NC_008563, avian pathogenic Escherichia coli (APEC) O1:K1 : H7 from the USA); CFT073 (NCBI: NC_004431, UPEC from the USA); E24377A (NCBI: NC_009801, Escherichia coli O139:H28 from the USA); K_12_substr_MG1655 (NCBI: NC_000913, Escherichia coli strain K-12); O103_H2_12009 (NCBI: NC_013353, non-O157 EHECs O103:H2 from Japan); O111_H_11128 (NCBI: NC_013364, non-O157 EHECs O111 : H-from Japan); O127_H6_E2348_69 (NCBI: NC_011601, previously described); O157_H7_EDL933 (NCBI: NC_002655, Escherichia coli O157 : H7 EDL933 from the USA); O157_H7_Saka (NCBI: NC_002695, Escherichia coli O157 : H7 str. Sakai from the USA); and O26_H11_11368 (NCBI: NC_013361, non-O157 EHECs O26 : H11 from the USA). Phylogenetic trees for the core region of LEE islands and eight core genes within these were obtained for five additional E. coli strains (GenBank numbers as follows: AF022236, AF071034, AF200363, AJ277443 and AF311901). The following three plasmids were used in genetic recombination procedures (described below): pKD46, pCP20 and pKD4 (vendors).
EPEC Deng genome sequencing and annotation
High-throughput whole-genome shotgun sequencing was performed using Illumina HiSeq 2000 (Illumina, CA) and Roche 454 GS FLX+ (Roche Diagnostics, Basel, Switzerland) sequencing technologies. We assembled contigs into scaffolds using Newbler assembly software (454 Life Sciences) via the Bioportal server (www.bioportal.uio.no). Gaps were closed with PCRs followed by Sanger sequencing of amplification products (3730S genetic analyzer sequencer; Applied Biosystems, CA). The resultant sequences and scaffolds were assembled into one circular genome using Phred/ Phrap/Consed software and annotated with Prokaryote Genomes Automatic Annotation Pipeline (PGAAP) software. The final sequence was validated by referring to the XbaI optical map, Roche GS FLX Titanium mate pair analysis, and Illumina paired-end-read analysis.
Protein coding regions, tRNA genes and rRNA operons were predicted using GeneMarkS 4.6b, tRNAscan-SE 1.23 and RNAmmer 1.2, respectively. Gene products were assigned using HMMER 3.0 (Pfam database, release 23) and BLAST À5 considered significant. To avoid biases related to differences in gene prediction, we performed a TBLASTN 
Genome and comparative analyses
Phylogenetic analysis of EPEC Deng in relation to the complete genomes and protein sequences of 12 previously described E. coli strains was performed using BLAST software; E-values 10 À10 were considered significant. PAI displaying signs of frameshifts or site mutations leading to A/E lesions were identified by proprietary algorithms and were verified manually.
Comparisons of the LEE and eight core genes within it (escJ, escV, escN, escF, map, tir, eae and espA) were performed by ClustalW alignment; genetic distances were generated by neighbor joining according to the Tamura-Nei model with the MEGA5 software package [28] . Genetic diversity was determined in DnaSP software and assessed by estimation of Pi values (p) [29] .
Growth conditions
Strain samples were grown overnight in flasks with brain heart infusion medium (Difco) at 37 C on a rotary shaker (300 r.p.m.). Subsequently, the cultures were grown in Luria-Bertani broth (Oxoid, USA) with shaking for 2 h to an optical density at 600 nm (OD 600) of 0.2 (approximately 1.0Â10 7 c.f.u. ml À1 ), as described above. Bacteria were then aliquoted into three tubes (20 ml per tube). Ciprofloxacin (Guangzhou Nanxin Pharmaceutical Co., Ltd.) was added to the first and second tubes at a final concentration of 4 and 2 µg ml À1 , respectively. An equal volume of 0.9 % (w/v) NaCl was added to the third tube as a negative control.
Cultures were incubated with constant shaking, 3 ml samples of each culture were collected immediately after the addition of ciprofloxacin (t0) and after 45 min (t45), 90 min (t90), 135 min (t135) and 180 min (t180). The samples were centrifuged for 5 min at 4 C, and the resultant bacterial pellets were flash-frozen in liquid N 2 . Another 100 µl of each culture was collected across these time-points and used for serial dilution and plating. Bacterial counts (c.f.u. ml
À1
) were obtained and used to draw growth curves. Cell counts were determined three times, independently, for each sample.
RNA isolation and purification
Total bacterial RNA was extracted from bacterial pellets with a RiboPure RNA purification kit (Life Technologies, Carlsbad, CA). RNA concentrations were determined using a Nanodrop 2000c spectrophotometer (Thermo Scientific, USA). Total extracted RNA was purified with a QIAGEN RNeasy Mini Kit (Qiagen, Germany). RNA quality was assessed in an Agilent BioAnalyzer 2100.
cRNA construction and processing, hybridization and chip scanning RNA quality control analysis, standardization, cRNA labelling and array hybridization were performed at Shanghai Yeslab Biotechnology Co., Ltd. (www.yeslab.com, China). cDNAs were synthesized from 200 ng aliquots of total RNA by reverse transcription with a monochrome tag chip and a T7 promoter primer mixture (0.8 µl primer combined with 1 µl of nuclease-free water). The cDNA synthesis mixture (6 µl per reaction) consisted of 0.75 µl nuclease-free water, 3.2 µl 5Â transcription buffer, 0.6 µl 0.1 MDTT, 1 µl dNTP mix, 0.21 µl T7 RNA Polymerase Blend and 0.24 µl of cyanine 3-CTP fluorescent label. The reaction mixtures were incubated at 40 C in a circulating water bath for 2 h.
Fluorescence-labelled cRNAs were purified using a QIA-GEN RNeasy Mini Kit, and then detected using a NanoDrop 2000c spectrophotometer in microarray measurement mode. The cRNA samples were fragmented by treatment with a fragmentation mixture (0.6 µg cyanine 3-labelled amplified cRNA, 5 µl 10Â blocking agent, 1 µl 25Â fragmentation buffer and nuclease-free water added to 25 µl) for 30 min at 60 C. Fragmented cRNA samples (100 µl) were placed on custom microarray chips (GE 8Â60K; Agilent, USA) in a hybridization chamber at 65 C for 17 h in which rolling hybridization proceeded at 10 rpm. Each array chip was scanned in an Agilent C-type highresolution scanner after washing in GE Wash buffer.
Microarray data analysis
The raw microarray data were imported into Agilent Feature Extraction software for statistical analysis. Data normalization, background correction and expression value calculations were done with the robust multi-array average algorithm [20] . The EB (Wright and Simon) algorithm was applied to enhance the robustness of the data. Average fold changes (FCs) were determined for treatment groups relative to corresponding mean values for the control group. Because the multi-array average algorithm reduced the false-positive rate, increased sensitivity and compressed FC, genes with an FC value !2 log 2 or 2 log 2 with a P value 0.05 were considered to be differentially expressed [30, 31] . The differentially expressed genes were classified into functional groups.
Real-time quantitative reverse transcriptase PCR (RTQ)
Four up-regulated and two down-regulated genes were selected for analysis by RTQ to independently confirm the differential gene expression indicated by the microarray experiments. The genes selected for RTQ analysis were E2348C_3325 (parE, encoding DNA topoisomerase IV subunit B), E2348C_2360 (ompC, encoding outer membrane protein C), E2348C_0943 (ompA, encoding outer-membrane protein A), E2348C_3957 (grlA, which encodes a positive regulator of the LEE), E2348C_0111 (ppdD, which encodes a major pilin subunit) and E2348C_0745 (ybhS, which encodes an inner membrane subunit of an ABC efflux pump). The RTQ analyses were run on an ABI PRISM 7700 sequence detector (Applied Biosystems). All primers and internal control genes used in RTQ were designed and synthesized by Applied Biosystems and are listed in Table S1 (available in the online version of this article). Briefly, total bacterial RNA was extracted using an RNeasy Mini Kit (Qiagen China Co., Ltd, Shanghai, China) and cDNA was synthesized using a PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). Finally, RT-qPCR was performed with a SYBR Premix ExTaq II Kit (TaKaRa, Dalian, China), with an initial incubation at 95 C for 2 min, followed by 40 cycles of 15 s at 95 C and 60 s at 60 C. Each reaction was carried out in triplicate.
A 16S rRNA internal control was used to normalize the expression of the parE, ompC, ompA, grlA, ppdD and ybhS genes. The threshold cycle (Ct) numbers were confirmed by the detection system software and the data were analysed using the 2 ÀDDCt method. RNA was isolated from cells grown with and without ciprofloxacin and harvested at the 90 min time point mentioned above.
Selection of ciprofloxacin resistance EPEC E2348/69 (NCBI: NC_011601) was employed as the reference strain for induction of ciprofloxacin resistance by sequential exposure to doubling concentrations of the antibiotic. E2348/69 cells were inoculated into sheep blood agar plate medium, and then several single clonal colonies were Fig. 2 . Phylogenetic tree for EPEC Deng (O119 Deng). The neighbourjoining tree constructed by using the concatenated nucleotide sequences of 2356 orthologous CDS groups from the 12 other sequenced E. coli strains according to the Tamura-Nei model with the MEGA5 software package. The criterion was >90 % coverage and >90 % similarity of genomic sequence, and E-values <10 À5 were considered significant. selected and transferred into M-H medium with ciprofloxacin (initial concentration, 1 µg ml À1 ), and then cultivated at 37 C for 16 h in a shaking concentrator. The drug concentration was increased gradually, with cells being cultivated for 3-5 generations at each concentration. If the subculture grew poorly, then the drug concentration was reduced and the trial was re-started. No more than 10 trials were conducted with each drug concentration. Once the concentration of ciprofloxacin reached 4 µg ml À1 , the concentration was then doubled serially up to 256 µg ml
À1
. The induced ciprofloxacin-resistant strain was selected by alpha-complementation, and its MIC value was determined using the E-test method (BIOMERIEUX, France). The acquired ciprofloxacin-resistant strain was cultivated on plates without antibiotics for three generations to ensure the stability of the phenotype before E-test validation.
Genetic recombination
Based on the transcriptional behavior of ciprofloxacintreated EPEC, we selected four genes (grlA, parE, ppdD and ompA) with possible roles in resistance or virulence and investigated the impact of mutations in these genes on susceptibility. We used the lambda Red-mediated homologous recombination system (i.e. recombineering) and electroporation to construct EPEC Deng strains defective in these genes, as described previously [32] . The MIC values of these recombinant strains were determined using the E-test method. Ciprofloxacin-resistant EPEC 2348/69 strains were constructed with selected genes that were associated with a particular MIC value.
RESULTS AND DISCUSSION
Quality control of genomic sequencing data TQuality control of the data was based on paired-end (PE) and mate-pair (MP) analysis. Using PE analysis, we obtained 5 719 926 reads (totalling 1 715 977 800 bp). Of these, 149 091 4014 bp (86.88 %) were considered to be of high quality (>Q20). According to MP analysis, 11 116 820 reads (totalling 1 111 682 000 bp) were obtained, with 83.61 % of the data (92 954 335 bp) having Q scores greater than 20. According to Illumina's technical documentation, when the quality value is 20 the error rate is 1 %.
To obtain more precise data following initial quality control, we used the sliding window method to remove low-quality reads (quality threshold 20, window size 5 bp, length threshold 35 bp) and then removed the terminal sequences of the reads (length threshold 35 bp). Following quality control, 90% of sequences were retained. The QC results were entirely consistent with the standard of normal sequencing data. The sequencing depth was 244Â coverage of the whole genome.
Genomic features of EPEC Deng
The final sequences obtained for EPEC Deng after gap closure and rectification had approximately 165Â and 244Â coverage of the genome and plasmid, respectively. The EPEC Deng genome contains a total of 5347 predicted protein-encoding genes on a circular chromosome, and one plasmid. The basic characteristics of the chromosome and plasmid (e.g. size, GC content, gene constitution) are summarized in Table 1 , and a circular map of the chromosome is presented in Fig. 1 . The complete sequence of EPEC Deng was submitted to GenBank (No. AOTC00000000; BioProject PRJNA186398).
Genomic comparison to commensal and other pathogenic E. coli strains
The results of the all-against-all reciprocal BLASTP comparison of whole-genome features using the complete gene sets of EPEC Deng and 12 previously sequenced E. coli strains are summarized in Table 2 . No evidence of large chromosome inversions or translocations were found. However, many strain-specific sequences were found to be scattered throughout the conserved regions (~17.8 % of the chromosome vs. E2348/69, Table 2 ), which were found to be carried mainly on mobile genetic elements. Although highly divergent in terms of gene organization and chromosomal location, such mobile elements have been described as a primary driving force for the parallel evolution of E. coli [7] .
Our comparative phylogenetic analysis of EPEC Deng relative to 12 other sequenced strains (Fig. 2) suggested that EPEC Deng is closely related to the strains O111_H_11128 and O26_H11_11368. O111 : H-strain 11 128 and O26 : H11 strain 11 368 are both non-enterohaemorrhagic E. coli (non-EHEC). Although serotype O157:H7 strains are the most prevalent among pathogenic EHEC strains, several studies have suggested that non-O157 EHECs share a significant number of virulence genes with O157 [33, 34] . Scaletsky et al. [3] observed an association between ciprofloxacin resistance and specific EPEC serotypes and identified a conjugative plasmid, previously reported from O119, which was conserved among archival O111 : H2/NM. This suggested that the potential virulence or resistant genes in EPEC Deng (serotype O119) may share close phylogenetic relationships with those from enterohaemorrhagic E. coli. The PAI_finder utility (www.paidb.re.kr/view_paiPf.php?code=PAIDB_ VUZdNR2&gp_id=1) indicated that the EPEC Deng LEE island spanned 47 080 bp and contained 54 genes, with a 30 866 bp core region (including coding region and non-coding stretches). The genetic comparison of LEE in EPEC Deng and other sequenced E. coli strains is shown in Fig. 3 .
Phylogenetic analysis of the LEE island and the eight core genes it contains from EPEC Deng versus those of five strains available from GenBank highlighted divergences in the evolutionary histories of some of the strains. The analyses suggested that the core region of LEE in the EPEC Deng strain is closely related to those of strains RDEC-1 and O26_H413/89-1 (Figs 4 and 5) . The ancient formation of the LEE may be a product of two transfer events, the first being the acquisition of the T3SS and the second being the acquisition of genes that enable adhesion [35] . a, Genes that were up-regulated at certain time points were counted repeatedly. Likewise, genes that had been assigned more than one cellular function were counted repeatedly.
Genetic diversity analysis
The eight LEE genes examined exhibited a broad range of genetic variation, with a 12-fold range in size and a fourfold range in p value ( Table 3 ). The high level of genetic diversity was thought to be correlated with the relatively small sample size used in this study and the fact that all the strains included here were epidemic clones. This variation should be explored in a broad range of non-epidemic E. coli strains from various natural hosts.
The four T3SS genes (escJ, escV, escN and escF) had relatively low levels of genetic diversity, whereas the other selected genes (map, tir, eae and espA) had p values closer to the average for E. coli genes. Groups of genes linked by function and co-regulation may be subject to common mutational and selective processes [35] . Hence, based on our phylogenetic analysis, we inferred that the T3SS genes have tended to transfer together as a cluster linked by function. The non-synonymous substitution rate (p) for these genes is low, and purifying selection appears to have reduced their diversity. Genes with low diversity may have helped to preserve the constitution of the T3SS island during its early formation. The parallel acquisition of other virulence factor genes (e.g. eae) by non-pathogenic E. coli strains that already have a T3SS may increase the acquiring strain's virulence, completing the molecular scenario necessary for the appearance of a new pathogen. These findings may be useful for identifying potential targets for future therapies.
The hypothesis that virulence is a recently derived state resulting from the parallel acquisition of virulence factors (e.g. adhesins and adhesin receptors) predicts that virulence factor genes would be more divergent/less conserved, and would be characterized by genealogies different from other genes in their island [35] . Our finding that tir (the receptor for the adhesin intimin) showed the highest diversity among the eight LEE genes examined is consistent with that prediction. However, it should be noted that adhesion proteins appear to be a mosaic product of recombination [36, 37] , suggesting that the evolution of the LEE has been a complex process.
EPEC growth curves
A gene expression profile was obtained for EPEC Deng by whole-genome microarray analysis following ciprofloxacin challenge. Antimicrobial susceptibility testing using the broth microdilution method indicated that the EPEC Deng strain Type II secretion protein 9 1 0 0 0 8 a, Genes that were up-regulated at certain time points were counted repeatedly. Likewise, genes that had been assigned more than one cellular function were counted repeatedly.
examined in this study was resistant to ciprofloxacin (MIC=32 µg ml
À1
). We chose relatively low levels of ciprofloxacin for this experiment (2 and 4 µg ml
) based on the observation by Hutter et al. that lower concentrations are generally better for obtaining wide-spectrum changes by microarray, and simulate in vivo concentrations [38] . Preliminary experiments (results not shown) demonstrated that the growth of EPEC Deng cells was slowed at both concentrations. As shown in Fig. 6 , we observed that ciprofloxacin-treated EPEC Deng cells grew at rates similar to those observed in the saline group over the first 90 min. After 90 min, the growth rates of the ciprofloxacin-treated cultures (4 and 2 µg ml
) were approximately 72 and 94 % that of the untreated culture, respectively. After 135 min, the growth rates of the ciprofloxacin-treated cultures were 61 and 93 % that of the untreated culture, respectively. Moreover, bacterial growth in the 4 µg ml À1 ciprofloxacin group seemed to have stopped by the 135 and 180 min time points.
Effects of ciprofloxacin on gene expression DNA microarray analysis showed that interventions with 2 and 4 µg ml À1 of ciprofloxacin resulted in differential expression of 3285 and 3530 genes, respectively, compared to the saline control group. This finding suggested that the antibiotic had a transcription-altering effect. The respective ratios of up-to down-regulated genes at one or more time points for these two intervention groups were 988 : 2297 and 1724 : 1806, respectively. The bias toward down-regulation was particularly strong at 180 min, indicating a trend towards decreased transcriptional activity in EPEC with prolonged exposure to ciprofloxacin. The numbers of differentially expressed genes, categorized according to their cellular roles, for the groups treated with 2 and 4 µg ml À1 of ciprofloxacin are presented in Tables 4 and 5 , respectively. The microarray data were submitted to the GEO database (GEO number is GSE75988).
Up-regulated (induced) and down-regulated (repressed) genes Numbers of up-regulated genes in each functional category for the 2 and 4 µg ml À1 ciprofloxacin groups at each time point are shown in Tables 4 and 5 , respectively. Genes encoding hypothetical proteins constituted the largest portion (n=1257;~73 %) of up-regulated genes, while genes a, Genes that were down-regulated at some time points were counted repeatedly. Likewise, genes that had been assigned more than one cellular function were counted repeatedly.
related to DNA-binding transcriptional regulation represented~4 % (n=61). Four resistance-associated genes were up-regulated at multiple time points. No genes were up-regulated at all five time points investigated. Numbers of down-regulated genes in each functional category for the 2 and 4 µg m À1 ciprofloxacin groups at each time point are shown in Tables 6 and 7 , respectively. Twenty-one genes were down-regulated at all five time points in the group treated with 2 µg ml À1 of ciprofloxacin (Table 8) , including E2348C_0745 (which is predicted to encode an inner membrane subunit of an ABC efflux pump) and E2348C_0111 (encoding a major pilin).
Furthermore, the number of genes with altered transcriptional responses in the EPEC strain following ciprofloxacin treatment were investigated using microarray data. In this analysis, we focused on the second dominant group of upregulated genes, DNA-binding transcriptional regulators, and excluded the hypothetical protein group. Since ciprofloxacin mainly inhibits bacterial growth by targeting DNA gyrase and topoisomerase IV and impairing bacterial DNA replication [39] , the response of these DNA-binding transcriptional regulators may allow bacteria to avoid DNA damage in response to ciprofloxacin challenge.
Our microarray data indicated that other significant transcriptional groups influenced by ciprofloxacin in this study included transporters, which have previously shown the same response to antibiotic pressure in many other bacteria [15, 40] . The altered transcription of transporter genes indicates that transport plays an important role in bacterial stress responses.
Phage and IS elements carrying virulence and drugresistance genes are widely distributed among enterohaemorrhagic E. coli (EHEC) [7] . However, these genes in our ciprofloxacin-treated cells only encoded integrase and did not have other phage-related functions, which is consistent with that found in a previous study [24] .
Expression of topoisomerase and drug-resistance genes The transcriptional expression of genes encoding topoisomerase I (topA), topoisomerase IV subunits A and B (parC and parE, respectively), gyrase subunits A and B (gyrA and a, Genes that were down-regulated at some time points were counted repeatedly. Likewise, genes that had been assigned more than one cellular function were counted repeatedly.
gyrB, respectively) and drug resistance-related genes at each time point is shown in Tables 9 and 10 . The transcriptional expression of parE and topA, as well as of ompA, ompC and grlA, was up-regulated at one or more time points in the 2 µg ml À1 group compared to the control. In contrast to this, gyrA and gyrB showed no variation in expression level at any time point (Tables 9 and 10 ). Previous research demonstrated that the key target of ciprofloxacin in Gramnegative bacteria was DNA gyrase [39] . Interestingly, most of the topoisomerase and drug-resistance genes did not display increased transcriptional expression in response to increasing concentrations of ciprofloxacin. This suggested that the inhibitory effect of super-coiling and transcription of DNA was largely unaffected in EPEC Deng by exposure to ciprofloxacin at the tested concentrations.
Validation of microarray data by RTQ analyses of selected genes RTQ analyses of six selected genes (parE, ompC, ompA, grlA, ppdD and ybhS) indicated that all six were differentially expressed under ciprofloxacin pressure in comparison to the saline group (P<0.05). However, their expression levels did not differ between the 2 and 4 µg ml À1 ciprofloxacin groups (P>0.05; see Fig. 7 ).
In this study, we observed increased gene expression and slowed growth in the groups treated with ciprofloxacin. Genes found to have altered expression included several that are implicated in transcription, including pilin-and dynein-encoding genes. The proteins encoded by these genes may help to maintain the growth environment of ciprofloxacin-exposed bacteria. For example, expression of the outer-membrane protein OmpF is associated with quinolone resistance in E. coli [16] . Consequently, the altered expression of ompF in the 2 µg ml À1 group may be indicative of a mechanism of resistance to low levels of ciprofloxacin. Moreover, ppdD (E2348C_0111), which is predicted to encode a major pilin subunit, was among the genes that were down-regulated at one or more time points in both concentration groups (Table 8) . Expression of type I pilin operon genes has been found to be important for adhesion in E. coli biofilm formation [18, 41] .
Effect of grlA defect on MIC Homologous recombination experiments were performed to construct grlA-, parE-, ppdD-and ompA-defective EPEC Deng strains (defined as EPEC Deng : DgrlA, EPEC Deng : DparE, EPEC Deng : DppdD and EPEC Deng : DompA, respectively). Recombinant bacteria were identified by PCRamplification and sequencing. Interestingly, the MIC value for ciprofloxacin in EPEC Deng : DgrlA was decreased from 32 to 16 µg ml À1 whereas that of EPEC E2348/69:DgrlA was unchanged. E-test results further suggested that grlA, a gene within the LEE, may play an important role in EPEC Deng's transcriptional response to ciprofloxacin. This finding is of particular interest because the LEE is regulated by Ler, and ler gene expression is regulated positively by GrlA. GrlR binds to GrlA and suppresses its function in EPEC [42] . Barba et al. reported that GrlA plays a role in the control of expression of virulence genes in A/E pathogens, suggesting a novel mechanism involving a transcriptional positive regulatory loop during infection and response to antibiotic pressure in pathogenic bacteria [43] .
In this study, up-regulated transcriptional expression of grlA was shown to be consistent with that of the differentially expressed genes ompF, ompA and ompC in the group treated with 2 µg ml À1 of ciprofloxacin (Table 10) . Moreover, the microarray data demonstrated differences in transcriptional expression of the parE gene between the groups treated with 2 and 4 µg ml À1 of ciprofloxacin and the control (Tables 9 and 10 ). However, we did not find a decrease in ciprofloxacin MIC value in the parE-deleted EPEC Deng strain. Because of the lack of differential expression of the gyrA/gyrB genes in this study (data in Tables 9 and 10), we speculated that the major mechanism underlying bacterial resistance to ciprofloxacin may involve efflux pumps.
Mounting evidence has supported the assertion that outer membrane proteins can affect membrane permeability and result in quinolone resistance. For example, ompA was reported by Kalule et al. [44] to be expressed at a higher level in a ciprofloxacin-resistant EPEC strain than in ciprofloxacin-sensitive examples, as determined by comparison of their proteomes [44] [45] [46] . Reduced expression of genes related to cell motility was also reported in the ciprofloxacin-resistant EPEC isolate. Moreover, Iyoda et al. found GrlR could positively regulate the expression of FliC (a major component of the flagellar filament), which was negatively regulated by GrlA. Overexpression of grlA strongly repressed the expression of FliC and negatively influenced cell motility [47] . In this study, the deletion of grlA in the EPEC Deng strain led only to a minor change in ciprofloxacin MIC values, with twofold dilution (32 to 16 µg ml
). The role and clinical significance of grlA in EPEC ciprofloxacin susceptibility needs to be studied further. In conclusion, in view of the requirement for LEE gene expression in EPEC-infected epithelial cells to form A/E lesions [12] , these results suggest that grlA may participate in ciprofloxacin resistance synergistically by affecting membrane permeability and cell motility.
Conclusions
In this study, we obtained a whole-genome sequence of the EPEC Deng strain isolated from a Chinese diarrhoeic infant in Shenzhen and compared its unique regions, mostly consisting of mobile genetic elements, to those of 12 other E. coli strains. Moreover, we compared EPEC Deng LEE to five PAI core region sequences from GenBank and found that the Deng strain was most closely related to E. coli strains RDEC-1 and O26_H413/89-1. We gathered evidence for genes related to bacterial resistance to ciprofloxacin and biofilm formation, providing new information on EPEC Deng's transcriptional response to ciprofloxacin. Furthermore, our microarray data and the recombinant experiment using EPEC strains indicated that GrlA is potentially a clinically important factor in the EPEC strain's transcriptional responses to ciprofloxacin. This work contributes to the growing archive of condition-specific bacterial transcription signatures which will aid in the future elucidation of microbial physiology, pathogenesis and drug resistance mechanisms. 
